To determine the effects of salinity on relative growth rate (RGR), net assimilation rate on a leaf weight basis (NAR w ), leaf weight ratio (LWR), and nutrient uptake and utilization of citrus, we grew four citrus rootstocks (sour orange, Cleopatra mandarin, Carrizo citrange and Citrus macrophylla) in nutrient solutions containing 0, 10, 20, 40 or 80 mM NaCl for 20, 40 or 60 days. For each element analyzed, specific absorption rate (SAR) and specific utilization rate on a leaf basis (SUR L ) were calculated for the period between Days 40 and 60. Relative growth rate decreased with time for all treatments and rootstocks. Salt treatment significantly reduced both RGR and NAR w , whereas LWR showed no definite trend. In all rootstocks, NAR w , but not LWR, was significantly correlated with RGR, indicating that NAR w was an important factor underlying the salinity-induced differences in RGR among the citrus rootstocks. At Day 60, salinity had a significant effect on leaf concentrations of Cl, Na, K, Ca, Mg, P, Fe, Mn and Zn and on the SAR and SUR L of most elements. In general, RGR was correlated with SAR and SUR L . Therefore, in addition to osmotic effects and the inhibitory effects of high concentrations of Cl − and Na + , an imbalance of essential nutrients may also contribute to the reduction in plant growth under saline conditions.
Introduction
Secondary salinization from irrigation sources is a growing problem in commercial agriculture. Citrus is grown preferentially in semiarid areas where irrigation is required to produce maximum yield. In these areas, many soils and waters contain amounts of salts that can inhibit the growth and yields of citrus crops. Although Citrus species are classified as salt-sensitive (Maas 1990 (Maas , 1993 , there is great variation in the ability of citrus trees to tolerate salinity depending on rootstock (Cerdá et al. 1977 , Walker and Douglas 1983 , Zekri and Parsons 1992 and scion (Lloyd et al. 1989 , 1990 , Nieves et al. 1991 .
Most attempts to correlate growth of different citrus rootstocks or rootstock scion combinations with the physiological effects of salinity have been made on young seedlings at a single harvest date. These comparative studies can be misleading because they do not consider the initial biomass of the plant, which can influence the rate of growth and the size at harvest (Hunt 1982 , Cramer et al. 1990 ). To take account of the initial biomass of the plant and thus provide a more realistic comparison of the growth rates of different citrus cultivars under similar saline conditions, we have expressed growth as a relative growth rate (RGR) (Poorter 1989) . Few studies have employed plant growth analysis to determine the effects of salinity on the morphological, physiological and biochemical factors determining RGR (Curtis and Laüchli 1986 , Shennan et al. 1987 , Wickens and Cheeseman 1988 , Schachtman et al. 1989 , Cramer et al. 1990 .
Plants acquire essential nutrients from their root system environment. In a saline habitat, the presence of NaCl alters the nutritional balance of plants, resulting in high ratios of Na Major saline ions can affect nutrient uptake through competitive interactions or by affecting the ion selectivity of membranes. Examples of these effects include Na + -induced Ca 2+ or K + deficiencies, or both, and Ca
2+
-induced Mg 2+ deficiencies (Grattan and Grieve 1992) .
The factors responsible for the effects of salinity on citrus are complex. The role of different rootstocks, the causes of salt injury and the interactions of soil salinity with other environmental stresses have been reviewed by Maas (1993) . Although there are several studies showing the effects of salinity on macro and micronutrient concentrations (Nieves et al. 1990 , Bañuls et al. 1990 , Zekri 1993 , little is known about how salinity interferes with nutrient uptake and translocation, or how these changes are related to plant growth.
We have examined salt-tolerance mechanisms operating at the whole-plant and cellular levels in four citrus rootstocks with different abilities to exclude Cl − or Na + , or both, to elucidate the mechanisms underlying such differences and to identify those characteristics that can be applied to a breeding program designed to enhance salt tolerance in citrus. In particular, we examined the effects of salinity on ion uptake and its relation to growth. We also analyzed the effects of increasing salinity on the absorption rates and specific utilization rates of mineral elements in four citrus rootstocks.
Materials and methods
Four citrus rootstocks were studied: sour orange (Citrus aurantium (L.) (SO)), Cleopatra mandarin (C. reticulata . Light was provided by a combination of fluorescent tubes (Philips TLD 36 W/83, Sylvania F36 W/GRO) and metal halide lamps (Osram HQI. T 400 W).
Plants were grown in culture solution for 4 months before the salinity treatments were initiated. Groups of 18 uniform seedlings were selected for each rootstock per saline treatment. The salt treatment consisted of adding NaCl daily to the nutrient solution in 10 mM increments to give final NaCl concentrations of 10, 20, 40 and 80 mM. Plants cultivated in the nutrient solution without the addition of NaCl were used as controls.
Plants were harvested after 20, 40 and 60 days of exposure to the salinity treatments. Fresh and dry weights of roots, shoots and leaves, the number of leaves and the root length of six plants of each rootstock per treatment were measured just before the addition of NaCl and after 20, 40 and 60 days. Plant material was dried at 65 °C to a constant weight. Root length was determined by the line intersect method (Tennant 1975) .
Relative growth rate (RGR), net assimilation rate on a leaf weight basis (NAR w ) and leaf weight ratio (LWR) were calculated from the dry weight values at the three harvests. Relative growth rate was defined as the increase in plant weight per unit of plant weight (W) per unit of time (t):
The NAR w was defined according to Garnier (1991) as the increase in plant weight per unit of leaf weight (LW) per unit of time:
and LWR was calculated as the ratio between total leaf dry weight and total plant dry weight. These parameters are related by the following expression:
Leaf mineral nutrient analysis
Dried plant tissue was digested in a concentrated nitric/perchloric acid (2/1, v/v) mixture, and Na, K, Ca, Mg, Fe, Mn, Cu and Zn contents were measured by atomic absorption spectrophotometry. Phosphorus was measured by the molybdenumblue method described by Dickman and Bray (1940) . Chloride was extracted from 0.1 g of ground material with 50 ml of deionized water and measured by electrometric titration (Guilliam 1971) .
Specific absorption rate, SAR (mg g
), an index of the element uptake efficiency of roots, was calculated using the formula SAR = 1/RDW ∂M/∂T, where RDW is the root dry weight (g), M is the element amount (mg) in the whole plant and T is the time of harvest in days. The specific utilization rate on a leaf basis, SUR L (g mg
), an index of the efficiency of the element in producing biomass, was calculated as the rate of plant biomass production per unit of element in the leaves (Hunt 1982 . The relationships between relative growth rate and SAR and SUR L for the three harvests were evaluated by regression equations. Because of the large amount of data produced, leaf and root mineral nutrient concentrations, and SAR and SUR L values are only presented for the period between Days 40 and 60.
Statistical analyses
All measured parameters were statistically analyzed with the STATGRAPHICS package (Manugistics, Inc., Rockville, MD) for calculation of the standard error and regression lines. Six replicates per salinity treatment per rootstock per harvesting date were used for analysis of the growth measurements. The ANOVAs were calculated for each harvest based on five salinity treatments and six replicates per treatment per rootstock with the SIGMASTAT package (Jandel Corporation, San Rafael, CA).
Results

Growth analysis
Salinity resulted in decreased whole-plant biomass in all of the rootstocks tested (Table 1) . Differences in growth response between salinized and unsalinized plants were evident after 40 days of treatment with 80 mM NaCl (data not shown). Although differences became apparent at lower salt concentrations with increasing time of treatment, only data for the period between Days 40 and 60 are presented. The organ that was reduced most in biomass by the salt treatments varied with rootstock. By the end of the experiment on Day 60, mean leaf, stem and root dry weights of the SO rootstock that was least affected by the 80 mM NaCl treatment were about 64, 49 and 33%, respectively, of the control values. For the CC rootstock, in which seedlings of the most affected plants were totally defoliated by the 80 mM NaCl treatment, stem and root dry weights were 29 and 26% of the control values, respectively. Reduced plant growth was associated with reductions in root length ( Figure 1A ), stem growth, and new leaf production ( Figure 1B ).
Relative growth rates of all plants decreased significantly in response to salt treatment, although the effect varied with rootstock ( Figure 2A ). Differences in RGR between unsalinized plants and plants treated with 80 mM NaCl were evident after 60 days. Among rootstocks, RGR for control plants ranged from 0.0479 to 0.0194 day . Similar trends were observed in the other salt treatments. Rootstocks showed differences in biomass accumulation over time as a result of differences in initial size or RGR, or both.
During the study, NAR w declined in all rootstocks, particularly in the salt-treated plants (data not shown); the decline showed a similar trend to that of RGR, but was more intense ( Figure 2B , Table 2 ). In contrast, LWR showed no definite trend with time ( Figure 2C ). Linear regessions of the relationships between RGR and NAR w or LWR based on data from the three harvests showed that NAR w was significantly correlated with RGR in all rootstocks. The determination coefficients, R 2 , ranged from 0.87 for M rootstock to 0.71 for CM rootstock (Figure 3 ). In contrast, LWR was not correlated with RGR, except in the CM rootstock, (R 2 = 0.30, data not shown).
Mineral nutrient concentrations
Tissue concentrations of Cl − and Na + increased significantly in response to the salt treatments (Table 3 ). The concentrations of Cl − and Na + increased in plants treated with ≤ 40 mM NaCl until Day 20, and then remained constant for the remainder of the study, whereas the concentrations of Cl − and Na + in plants treated with 80 mM NaCl increased slightly between Days 20 and 60 (data not shown). Saline-induced changes in the concentrations of the other elements analyzed varied with plant organ and element (Table 3) . Salinity lowered K + concentrations in roots of all rootstocks and in leaves of the CM, SO and CC rootstocks, whereas K + concentrations increased in leaves and roots of M rootstocks. Concentrations of Ca 2+ and Mg 2+ were reduced by salinity in all rootstocks, except M. In all rootstocks, salinity increased P concentrations in leaves and Fe Means within a column followed by the same letter are not significantly different at P = 0.05, according to the Duncan's test. 2 Significant effects are indicated by asterisks: * = P = 0.05, ** = P = 0.01 and *** = P = 0.001, NS indicates not significant at P = 0.05. Figure 1 . Effects of external NaCl on root length (A), number of leaves (B) and weight per leaf (C) of four citrus rootstocks following a 60-day exposure to NaCl. Error bars are ± SE (n = 6).
and Zn concentrations in roots, but no changes in Fe and Zn concentrations were observed in leaves. The Mn response to the salt treatments was variable. The absolute whole-plant content of all elements analyzed increased with time (data not shown).
Specific absorption rate
On Day 20, salinity had significantly increased the absorption rates of Cl − and Na + to about 4 and 3.5 mg g −1 root day −1 , respectively. After this time, the absorption rates with respect to external salinity remained constant, although the absolute values decreased with time ( Figure 4) .
On Day 20, SARs of K + , Ca 2+ and Mg 2+ were slightly reduced by salt treatments in excess of 20 mM NaCl (data not shown), but by Day 60, the SARs of these elements were severely reduced by salinity in all rootstocks (Figure 4) . Differences in SARs among rootstocks were evident after 60 days of salt treatment. Values of SAR were higher for M and SO rootstocks than for CC and CM rootstocks. Potassium SAR of salinized SO and CC plants (40 mM NaCl treatment) ranged from 3.81 to −5.31 mg g −1 root day Although SAR of P decreased with time, saline inhibition was only evident on Day 60 (Figure 4) . The maximum SAR of P (1.71 mg g −1 root day
) was observed in SO plants in the 40 mM NaCl treatment and the minimum SAR of P (−0.44 mg g −1 root day
) was observed in CC plants in the 40 mM NaCl Figure 2 . Effects of external NaCl on RGR (A), NAR w (B) and LWR (C) of four citrus rootstocks following a 60-day exposure to NaCl. Error bars are ± SE (n = 6). .5*** NaCl × Rootstock 3.4** 3.7** 6.1*** 1 Significant effects are indicated by asterisks: * = P = 0.05, ** = P = 0.01 and *** = P = 0.001. treatment. The SAR of the micronutrients showed a tendency to decrease with increasing salinity, although the extent of the response varied with both rootstock and micronutrient (Figure 4) .
Specific utilization rate
Specific utilization rate on a leaf basis (SUR L ) showed similar trends for all of the elements studied. There was a significant decrease in SUR L with both increasing salinity and time for all elements examined, except for the SUR L of P which was only affected by salinity at the 60-day harvest ( Figure 5 ). The SUR L for Mg 2+ was higher than for K + , Ca
2+
, and P, and, among the micronutrients, the highest SUR L was for Zn. For all elements, the SO and M rootstocks exhibited higher SUR L values than the CM and CC rootstocks.
Regression equations of RGR with SAR and with SUR L of all elements studied were calculated to evaluate the relative importance of these parameters for each nutrient with respect to their effects on RGR. The correlation coefficients are presented in Table 4 .
Discussion
Growth analysis
Relative growth rates of the citrus rootstocks were less than 0.05 day ; however, small changes in RGR may result in large variations in growth (Hardwick 1984) . Furthermore, the RGR values are similar to those reported for tree seedlings of other species (Grime and Hunt 1975) . Differences in RGR observed among the citrus rootstocks in response to salinity may be associated with the growth characteristics of the rootstocks (CC and CM were slow-growing rootstocks, whereas SO and M rootstocks grew vigorously (Table 1) ) and with the inherent partitioning of biomass between shoot and roots. The SO and M rootstocks favored a high biomass investment in leaves and stems (Table 1) , thus ensuring increased light interception, and consequently, increased growth. In contrast, the CC and CM rootstocks invested relatively more biomass in roots.
Inhibition of growth of CM and CC rootstocks in the 80 mM NaCl treatment appeared to result from large increases in foliar concentrations of Na + or Cl − , or both. Because the CM and CC rootstocks were less vigorous than the SO and M rootstocks (Table 1) , growth inhibition could be a consequence of a greater concentration effect of these ions in the CM and CC rootstocks than in the SO and M rootstocks. In many perennial woody crops, the growth response to salt treatment varies with rootstock (Maas 1993) .
In many physiological studies on salinity, plant growth inhibition has been related to a reduction in photosynthesis (Munns 1993) . In all of our rootstocks, NAR w was significantly correlated with RGR, but not with LWR, suggesting that growth of citrus rootstocks was affected more by a decline in photosynthetic capacity than by a reduction in extension growth. These observations are consistent with those reported in Hordeum vulgare L. by Cramer et al. (1990) and in Melilotus segetalis (Brot.) Ser. by . In contrast, Curtis and Läuchli (1986) and Shennan et al. (1987) concluded that inhibition of growth in Hibiscus cannabinus L. and Aster tripolium L. under salt stress was caused by reductions in extension growth and leaf area development, rather than by a decline in photosynthetic capacity.
The saline-induced decrease in NAR w could be associated with a decrease in photosynthetic rate, an increase in respiration rate, or an increase in the relative amount of non-photosynthetic tissue participating in respiration (Poorter 1989 ). In citrus, the primary effect of salinity on photosynthesis is stomatal closure, which leads to decreased mesophyll capacity for CO 2 assimilation (Lloyd et al. 1989 (Lloyd et al. , 1990 . The extent of the saline-induced reduction in photosynthesis varies with both scion and rootstock (Walker et al. 1982 , Lloyd et al. 1989 , 1990 , Bañuls and Primo-Millo 1992 . Irrespective of the primary cause of reduced CO 2 assimilation, high foliar concen- Figure 5 . Effect of external NaCl concentration on specific utilization rate on a leaf basis (SUR L ) in four citrus rootstocks at the 60-day harvest. Values are means of six replicates. Table 4 . Correlation coefficients of the regression equations for the relative growth rates (RGR) with the specific absorption rates (SAR) and the specific utilization rates on a leaf basis (SUR L ) of mineral elements in citrus rootstocks in response to increasing salinity in the external solution. Significant effects indicated by asterisks: * = P < 0.5, ** = P < 0.01 and *** = P < 0.001, and NS indicates not significant at P = 0.5.
Element
Citrus macrophylla Carrizo citrange Cleopatra mandarin Sour orange trations of both Na + and Cl − ions are capable of inducing a reduction in CO 2 assimilation (Lloyd et al. 1989 , 1990 , Bañuls and Primo-Millo 1992 , Garcia-Legaz et al. 1993 . The decrease in NAR w with salinity in the citrus rootstock may also be associated with an increase in respiration. Salinity may increase whole-plant respiration (Richardson and McCree 1985) , thereby inducing a higher carbohydrate requirement (Schwarz and Gale 1981) . Additional carbohydrates presumably provide the additional energy required for increased rebuilding of organelles and compounds that are disrupted by salinity. A saline-induced increase in respiration would presumably occur at the expense net CO 2 fixation, resulting in reduced overall growth. However, Curtis et al. (1988) found an increase in respiration in mature kenaf leaves with increasing salinity, but no evidence that it resulted in a reduced amount of available carbohydrate in the growing tissue. The lower NAR w values in the CC and CM rootstocks at the two highest salt concentrations may result from their relatively high root weights per unit leaf area, which would induce an increase in respiration (Poorter 1989) .
The effects of salinity on LWR suggest that allocation of biomass to leaves was maintained or increased under saline conditions. Although specific leaf area was not determined, we observed morphological differences among leaves of the rootstocks, indicating that this LAR component may have been affected by salt treatment. For example, in the control treatment, SO seedlings had few but large leaves (177 mg per leaf), M seedlings had the highest number of leaves with 75.7 mg per leaf, whereas the individual leaf weight of CM and CC rootstocks were 64.1 and 48.2 mg, respectively ( Figure 1C) . The fast-growing species (SO and M) formed large thin leaves with a large amount of water per unit of leaf weight (Poorter 1989) . Leaf water content per unit dry weight increased with salinity in all rootstocks.
Thus, for citrus seedlings growing in saline conditions, NAR w is the most important factor explaining differences in RGR, whereas LWR is of secondary importance. However, changes in specific leaf area may also be involved. We conclude that: (a) citrus species are among the most salt-sensitive horticultural crops, because a 60-day exposure to 10 mM NaCl had a significant impact on the relative growth rate of the rootstocks tested, and (b) there are marked differences in the response of RGR to salinity among rootstocks, with the SO and M rootstocks being less sensitive to salt than the CC and CM rootstocks.
Nutrient uptake and utilization
Much attention has been devoted to understanding adverse effects of Na + and Cl − on physiological and biochemical processes and how these ions contribute to plant growth inhibition (Munns and Termaat 1986 , Maas 1993 , Munns 1993 An imbalance of essential nutrients may also be a factor involved in the salt-induced decrease in photosynthesis and consequently in plant growth reduction. We found that the salt treatments altered mineral nutrient distribution and decreased both absorption rates (Figure 3 ) and specific utilization rates (Figure 4 ) of all of the nutrients studied. The decrease in element uptake may be partly a result of a reduction in their activities caused by high concentrations Cl − and Na + in the nutrient solution (Cramer et al. 1986 ). Uptake may also have been reduced as a result of competition with the salt ions in the external solution (Grattan and Grieve 1992) .
A decrease in K + uptake and accumulation in salt-treated plants is likely an important growth limiting factor because this element plays an essential role in many plant processes (Marschner 1986 ). The NaCl treatments decreased K + uptake to a higher degree in CM and CC rootstocks than in M and SO rootstocks, which may explain the RGR differences observed among these rootstocks. The regulation of K + uptake and transport in these citrus rootstocks appears to involve different mechanisms. In M and SO rootstocks, the decreased K + concentration in roots may be attributed to an exchange between Na + and K + in the basal stem and proximal root and a further release of K + into the xylem (Walker and Douglas 1983, Walker 1986 ). In CM and CC rootstocks, root and leaf K + concentrations decreased with increasing salinity, indicating that the reduction in K + SAR results from a competitive process (Janzen and Chang 1987, Subbarao et al. 1990) or is induced by changes in membrane integrity caused by the displacement of Ca 2+ by Na + (Cramer et al. 1985) . Salinity reduced Ca 2+ absorption rates, resulting in a high Na + /Ca 2+ ratio that may have restricted root growth (Kent and Läuchli 1985, Hansen and Munns 1988) . In all rootstocks, the root was the organ most affected by salinity. The decrease in Ca 2+ SAR paralleled root growth and may explain the constant concentration of Ca 2+ in this organ. Except in M rootstock, the foliar concentration of Ca 2+ was reduced by salinity, indicating that Ca 2+ translocation was inhibited. Similar findings have been reported for other plant species Grieve 1987, Lazof and Läuchli 1991) .
Magnesium is the central atom of the chlorophyll molecule and has a fundamental influence on the size, structure and function of chloroplasts (Marschner 1986 ). Thus, Mg 2+ deficiency may lead to decreased photosynthesis and NAR, and could contribute to reduced growth rates because RGR was significantly correlated with NAR w . In all rootstocks, except in M plants grown at 80 mM NaCl, there was a reduction in Mg 2+ leaf concentration at the final harvest compared with the control. Magnesium deficiency in citrus occurs at a leaf concentration of 0.083 mmol g dw −1 (Del Amor et al. 1985) . Plants grown in 80 mM NaCl showed a leaf Mg 2+ concentration of 0.039 mmol g dw −1 at the final harvest as a result of reduced absorption rates and reduced translocation. The absorption rates of Mg 2+ were highly correlated with RGR for all treatments (Table 4 ). The utilization rates of this element were much higher than for K + and Ca
2+
. The uptake of phosphate was not impaired by a 60-day exposure to NaCl, so P imposed no limitation to plant growth under the experimental conditions of our study.
The influence of salinity on micronutrient concentrations in plants is highly variable (Grattan and Grieve 1992) . In citrus, the specific absorption and utilization rates of all micronutrients examined were reduced by salinity, indicating that the saline-induced reduction in NAR w could be associated with the disturbed absorption of these elements, which are all directly or indirectly involved in photosynthesis (Marschner 1986) .
We conclude that citrus nutrition is altered by salinity. Relative growth rate was correlated with saline-induced declines in NAR w and in the SAR and SUR L of all mineral elements. Thus, in addition to the toxic effects of high concentrations of Na + and Cl − in plant tissue, the saline-induced changes in mineral nutrient uptake and utilization likely contributed to the reduction in plant growth. In support of this argument, a greater growth reduction was observed in rootstocks CM and CC, which have low SAR and SUR L values.
